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Abstract

Zero Poisson's ratio (ZPR) structures have attracted significant attention due to their remarkable dimensional stability, mechanical decoupling capability, and reduction of contact-induced effects, making them desirable in various engineering applications. However, most existing ZPR structures suffer from limited adaptability under large strains, which restricts their practical implementation. To address this challenge, this study proposes a novel ZPR design based on a mirror-stacked tetra-missing rib honeycomb (MSTMH) with monoclinic chirality. The mirror-stacked configuration effectively suppresses the Poisson's effect in the transverse direction, enabling a stable zero Poisson's ratio behavior over a wide strain range. To evaluate its performance, four MSTMH samples were fabricated using 3D printing, and uniaxial tensile tests were conducted. Finite element (FE) simulations and theoretical derivations were further employed to analyze key structural parameters, including the effective elastic modulus and ZPR strain range. The theoretical predictions show good agreement with both the experimental and numerical results. This work provides new insights and design strategies for achieving highly stable and large-deformation-tolerant ZPR metamaterials.
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1 Introduction
Mechanical metamaterials are engineered materials whose macroscopic mechanical properties are governed by the design of their internal geometric units, rather than their chemical composition or molecular bonding [1–6]. By tailoring the shape and spatial arrangement of microscopic structural elements [7], mechanical metamaterials can exhibit unconventional properties, including negative Poisson's ratio, zero Poisson's ratio, negative stiffness, negative thermal expansion and etc. The development of advanced fabrication techniques, such as additive manufacturing, has enabled the precise realization of complex architectures, greatly expanding the potential applications of mechanical metamaterials in various fields, such as aerospace, energy absorption, biomedical devices, and flexible electronics.
Zero Poisson's ratio (ZPR) structures are a particular class of mechanical metamaterials that maintain near-zero lateral strain under axial loading, exhibiting unique mechanical decoupling behavior [8]. These structures have reportedly been applied to aircraft skin design to ensure smooth surface morphing [9], to vibration mitigation and energy absorption due to their favorable deformation characteristics [10], and to wearable biomedical devices where lateral strain minimization is critical for comfort and performance [11]. To date, various design strategies have been proposed to achieve ZPR behavior. Early studies introduced hexagonal honeycombs [12] and semi-reentrant [13] geometries, establishing theoretical models to predict equivalent elastic moduli and Poisson's ratios. Subsequent work explored more complex architectures, including sinusoidal ligaments [14], U-shaped honeycombs [15,16], accordion-like patterns [17] and bio-inspired geometries [18,19], with theoretical modeling and finite element (FE) simulations validating their mechanical performance. Researchers have also employed optimization algorithms [20,21] to systematically tune Poisson's ratio, stiffness, and stability, while additive manufacturing has enabled the fabrication of complex graded and multi-material ZPR structures [22,23].
However, many existing ZPR structures demonstrate limited stability under large deformations, and the coupling between longitudinal and transverse directions remains insufficiently controlled, which constrains their practical applicability. Chiral-type metamaterials process a smooth transition in shape, enabling extremely large strains [24–28]. While most chiral-type structures typically exhibit a negative Poisson's ratio, the tetra-chiral structures (including classical tetra-chiral [29–31] and tetra-missing rib structures [32–35]), under specific conditions, can display a zero Poisson's ratio. Nevertheless, the tetra-chiral structure exhibits a monoclinic characteristic, in which tensile/compressive and shear deformations are inherently coupled, thereby limiting the effective strain range for achieving a zero Poisson's ratio. To overcome this limitation, this study develops a novel architecture by mirror-stacking the tetra-missing rib structure, enabling the mutual compensation of monoclinic characteristics. As a result, the proposed design exhibits a stable ZPR behavior over a wide range of large deformations. The paper is structured as follows. Section 2 presents the design methodology of the proposed structure. The mechanical response and associated deformation mechanisms under quasi-static tensile loads are examined experimentally and numerically in Section 3. Theoretical models for the elastic constants are developed in Section 4, providing guidance for optimization and practical applications. In Section 5, the strain range over which the structure can maintain a zero Poisson's ratio is further investigated. Finally, conclusions are drawn in Section 6.
2 Design methodology
As mentioned previously, the proposed MSTMH is formed by stacking two mirror-imaged tetra-missing rib elements as depicted in Figure 1. Furthermore, to achieve smoother deformation, the ligaments constituting the structure are designed with sinusoidal curves. To enhance the tunability of the structural performance, the longitudinal and transverse ligaments are designed with identical wavelengths (denoted as 2L) and wall thicknesses (denoted as t) but different amplitudes, where the longitudinal amplitude is denoted as A1 and the transverse longitudinal amplitude as A2. The out-of-plane thickness of the structure is denoted as h. Therefore, the geometry of the proposed MSTMH can be fully characterized by five geometrical parameters, i.e., L, t, A1, A2 and h.
The equation of the sinusoidal curve is expressed as
[image: equation](1)
Moreover, to avoid contact and wall intersection, the geometric parameters of the structure must satisfy the following constraints
[image: equation](2)
[image: equation](3)
For the convenience of subsequent FE simulations, a unit-cell is defined from the structure, as shown in Figure 1c. It is shown that the unit-cell can be considered as a concave quadrilateral, with each side formed by a sinusoidal curve containing half of a wavelength.
	[image: thumbnail]	Fig. 1 Design methodology and geometrical description of the proposed MSTMH.



3 Mechanical properties
This section investigates the mechanical response and the deformation mechanisms of the proposed MSTMH under quasi-static tensile loading. To balance cost and efficiency, the study primarily relies on FE simulations to assess the mechanical properties of the MSTMH, with experiments used for validation. The subsequent sections first introduce the experimental and simulation configurations.
3.1 Setup for experimental tests
The experimental specimens were fabricated using additive manufacturing (3D printing) technology (Stratasys Fortus 380). To ensure the structural stability of the 3D-printed samples and the reliability of the tests, polyamide 12 (PA12) was selected as the matrix material. To obtain the mechanical parameters of the matrix material for finite element (FE) simulations, uniaxial tensile tests were first performed on standard dumbbell-shaped specimens, which were from the same batch of material as that used in the structural tests, ensuring consistency and reliability of the experimental data.
The experiments were conducted using an electromechanical hydraulic servo testing machine (MTS 370.02, as shown in Fig. 2) at a loading rate of 1 mm/min. Force and displacement data were directly recorded from the testing machine, ensuring precise control of the experimental conditions. Data were sampled at a frequency of 100 points per second, with a loading accuracy of ±0.5%. During testing, specimen deformation was captured using a network-based area array camera (MV-CS060-10GC-PRO) at a frame rate of 1 fps. To avoid loss of deformation information throughout the test, image acquisition was synchronized with the mechanical testing. Loading conditions were continuously monitored through the control system of the MTS 370.02. The experimental setup is illustrated in Figure 2.
Four monotonic tests were performed to reduce measurement uncertainty and verify fabrication accuracy. The resulting true stress-true strain curves (Fig. 3), show excellent consistency, confirming the reliability of the experimental data. The elastic modulus, Poisson's ratio, and yield stress of the base material were determined to be 1.15 GPa, 0.35, and 35 MPa, respectively. The corresponding true stress-plastic strain data used for FE simulations are listed in Table 1.
Uniaxial tensile tests were conducted on four MSTMH specimens, each consisting of a 4×4 array of unit-cells with a thickness of 5 mm. To account for variability in the data, four sets of geometric parameters were employed, i.e., one standard set and three sets with variations in A1, t, and L, as summarized in Table 2.
The effective elastic modulus of the MSTMH can be evaluated by examining the linear region of the macroscopic stress-strain curves obtained from the experiments. In general, the horizontal and vertical strains of a specified rectangular region, as illustrated in Figure 4, can be extracted from the processed deformed images. Subsequently, the effective Poisson's ratio ([image: equation]) is computed using
[image: equation](4)
	[image: thumbnail]	Fig. 2 Experimental setup for quasi-static tensile tests.



	[image: thumbnail]	Fig. 3 Dimension of the specimen and experimental stress strain curves of the base material.



Table 1 
Experimental true stress-plastic strain data points for the PA12.

Table 2 
Geometric dimensions of the experimental specimens.

	[image: thumbnail]	Fig. 4 The measurement of effective Poisson's ratios of the MSTMH.



3.2 Setup for FE simulations
FE simulations were conducted with Abaqus/Standard to investigate the mechanical behavior of the structures under quasi-static loads. Both the finite-size (corresponding to the experimental specimens) and unit-cell-size simulations were conducted. Finite-size and unit-cell-size FE models were meshed with 8-node linear brick (C3D8) and 4-node bilinear plane stress quadrilateral (CPS4) elements, using an element size of 0.25t to guarantee a minimum of four elements through the ligament thickness. Geometric nonlinear effects were taken into account in the simulations. To eliminate boundary effects for unit-cell-size simulations, computational homogenization with periodic boundary conditions (PBCs; see Appendix A) was performed on the unit-cell.
The base material was modeled using an elastic-multilinear plastic constitutive law, with its plastic behavior specified according to Table 2.
3.3 Mechanical response and deformation mechanism
The macroscopic stress-strain curves of the four structures obtained from experimental tests and finite-size FE simulations and unit-cell-size FE simulations are given in Figure 5. The finite-size models, which fully replicate the experimental structures, show close agreement with the experiments, validating the FE modeling approach. The unit-cell-size models, constructed at the single-cell scale and subjected to periodic boundary conditions to reduce computational cost, yield results that nearly coincide with those of the finite-size models, accurately capturing the overall deformation behavior. Noted that minor local failures observed in the experiments, likely due to micro-voids, residual stresses, or other 3D printing-induced imperfections, occasionally caused interruptions in the stress-strain curves.
The effective elastic moduli determined from both experiments and simulations are presented in Figure 6. Noted that since the stress-strain curves do not exhibit a clear elastic-plastic transition, the elastic modulus is obtained by performing a linear fit over the 0.3% strain range. The results from experiments, finite-size simulations, and unit-cell-size simulations show excellent agreement, further confirming the rationality and accuracy of the finite element simulations.
Figure 7 presents the Poisson's ratios obtained from both experimental tests and FE simulations. It can be observed that the absolute values of the experimentally measured Poisson's ratios are all less than 0.12, while those obtained from simulations are approximately zero, indicating that the proposed structures exhibit an overall near-zero Poisson's ratio behavior at the macroscopic level.
To further elucidate the deformation mechanism responsible for the ZPR response, Figures 8–11 illustrate the deformation modes of the four specimens under different loading levels. As shown in these figures, the experimental observations are in good agreement with the FE simulations. During tensile deformation, only the sinusoidal ligaments aligned with the loading direction undergo noticeable local deformation, while those perpendicular to the loading direction remain almost unchanged, leading to a macroscopic near-zero Poisson's ratio. Evidently, by tuning the wavelength or amplitude of the sinusoidal ligaments, the strain range corresponding to the NPR behavior can be effectively adjusted.
	[image: thumbnail]	Fig. 5 Experimental and FE simulated macroscopic stress-strain response of (a) MSTMH-S; (b) MSTMH-A1; (c) MSTMH-t; (d) MSTMH-L.



	[image: thumbnail]	Fig. 6 Experimental and FE simulated elastic moduli of the MSTMH.



	[image: thumbnail]	Fig. 7 Experimental and FE simulated Poisson's ratio evolution of (a) MSTMH-S; (b) MSTMH-A1; (c) MSTMH-t; (d) MSTMH-L.



	[image: thumbnail]	Fig. 8 Experimental and FE simulated Poisson's ratio deformation Profile for MSTMH-S.



	[image: thumbnail]	Fig. 9 Experimental and FE simulated Poisson's ratio deformation Profile for MSTMH-A1.



	[image: thumbnail]	Fig. 10 Experimental and FE simulated Poisson's ratio deformation Profile for MSTMH-t.



	[image: thumbnail]	Fig. 11 Experimental and FE simulated Poisson's ratio deformation Profile for MSTMH-L.



4 Theoretical modeling of the elastic constants
In this section, the elastic constants of the proposed design are theoretically derived within the framework of linear infinitesimal elasticity.
In general, the effective elastic modulus and Poisson's ratio of a conventional structural material are evaluated by subjecting the specimen to a uniaxial tensile load. Figure 12 illustrates the schematic diagram of the proposed structure under an in-plane uniaxial far-field tensile stress along the Y-direction. The corresponding free-body diagram (FBD) of a unit-cell is depicted in Figure 11b by cutting lines K1 to K4, where “1”, “2”, “3” and “4” are the external cut points of the corner of the unit-cell. All external cut points must be free of any forces in the x-direction since the macroscopic structure is stress free in the x-direction. They are subjected to normal forces in the y-direction (denoted as F), all having equal magnitudes. Further considering the twofold rotational symmetry of the geometry, each pair of corresponding external cut points of the unit cell (e.g., points “1” and “2”, points “1” and “3”, points “2” and “4” and points “3” and “4”) are subjected to identical moments, denoted as M*. Therefore, under the action of the far-field normal stress σy, the forces and moments acting on the unit-cell are detailed illustrated in Figure 11b, where F are functions of the stresses σy, i.e.,
[image: equation](5)
To facilitate the force analysis of the ligaments, half of the unit-ell is considered, as shown in Figure 11c. Points “5” and “6” correspond to the cut points of the vertical ligaments. Clearly, these two points are subjected to identical y-directional forces F and a moment M of equal magnitude but opposite directions.
Given the slender geometry of the filamentary microstructures, the Euler-Bernoulli beam theory is adopted to describe their deformations. Considering both bending and membrane effects, the strain energy of the unit-cell (denoted as U) can hence be obtained as
[image: equation](6)
where ES is the elastic modulus of the base material, S and I are the area and inertia moment of the ligament, respectively (for a rectangular cross-section with unit thickness, S = t and I = t3/12), α represents the angle formed between the tangent line at a point on the sinusoidal curve and the x-axis, as illustrated in Figure 1. Apparently, α is expressed as
[image: equation](7)
Noted that the junctions between the longitudinal and transverse ligaments can be regarded as rigid bodies, as their deformation during loading is negligible. Therefore, the lower limit of the integral in equation (6) does not start from zero but from an angle θ1, which is defined in Appendix B.
Since no relative rotation occurs between points “5” and “6” during deformation, a geometric condition must hold, i.e.,
[image: equation](8)
Substituting the strain energy from equation (6) into equation (8) gives
[image: equation](9)
We hence have
[image: equation](10)
where
[image: equation](11)
The strain energy of the unit-cell can be further rewritten as
[image: equation](12)
Based on Castigliano's second theorem, the total displacement of point “1” (“2”) relative to point “3” (“4”) in the direction of the applied force F (denoted as δ) can be obtained from the relation [image: equation], i.e.,
[image: equation](13)
The vertical longitudinal average strain ε of the unit-cell is readily obtained as
[image: equation](14)
In view of equations (5) and (11), the longitudinal effective elastic modulus [image: equation] of the structure (normalized by the elastic modulus of the base material) is obtained as
[image: equation](15)
To determine the Poisson's ratio of the structure, a pair of equal and opposite virtual transverse forces should be applied at points “1” and “2” and points “3” and “4”. Since the virtual forces are applied at the corner points of the unit cell, they do not contribute to the strain energy. According to the principle of virtual work, it is therefore evident that the Poisson's ratio of the structure is zero, i.e.,
[image: equation](16)
This conclusion is consistent with the results obtained from both the FE simulations and the experimental observations presented previously.
With the expressions for the normalized effective elastic modulus established, we proceed to validate the theoretical predictions. First, the theoretical results are compared with both experimental measurements and FE simulations for the four tested specimens, as shown in Figure 13. The comparison includes results from finite-size FE models and unit-cell-size FE models. As shown in Figure 13, excellent agreement is observed among the experiments, simulations, and theoretical predictions, confirming the accuracy of the derived theoretical formulation.
Subsequently, the influence of three key geometric parameters (i.e., A1, t and L) on the normalized effective elastic modulus of the structure is investigated. For each parameter, its effect is studied while keeping the other geometric parameters constant. The variation in the effective elastic modulus predicted by the theory is then compared with unit-cell-size FE simulation results, as presented in Figure 14. The trends demonstrate that the theoretical model captures the parametric dependence of the elastic modulus with high fidelity, further validating the applicability of the derived expressions for structural design and optimization. As the ligament thickness t increases, the normalized effective elastic modulus increases accordingly, since the stiffness of the ligaments is enhanced. In contrast, an increase in the amplitude A1 leads to a decrease in the normalized effective elastic modulus, as the ligaments become more flexible. Similarly, increasing the ligament length L results in a reduction of the normalized effective elastic modulus, due to the corresponding decrease in the relative density of the structure, which lowers the overall stiffness.
	[image: thumbnail]	Fig. 12 (a) Schematic diagram of the MSTMH under uniaxial load; (b) the related free-body diagram of a unit-cell; (c) the related free-body diagram of half of a unit-cell.



	[image: thumbnail]	Fig. 13 The effective elastic modulus of the MSTMH obtained from the theoretical formulation, the experimental tests, the finite-size FE calculations, and the unit-cell-size FE calculations.



	[image: thumbnail]	Fig. 14 Theoretical (lines) and FE (symbols) of the normalized effective elastic modulus of the MSTMH over a range of (a) A1 (A2=3, t=1.5, L=30), (b) t (A1=8, A2=3, L=30) and (c) L (A1=8, A2=3, t=1.5).



5 ZPR strain range
Recall that the primary motivation of the proposed design is to achieve a structure exhibiting ZPR over a large deformation range. Therefore, understanding the strain range within which the structure maintains this behavior (denoted as ZPR strain range, εR) is of significant importance.
It should be noted that while experimental validation was performed in earlier sections, the analysis of the ZPR strain range in this section relies primarily on FE simulations. This choice is due to limitations of the current 3D printing process, which causes premature failure of the printed specimens making it difficult to experimentally investigate the ZPR strain range. Therefore, in this section, we further investigate this aspect primarily through FE analysis. Additionally, to better observe the potential transformation of deformation modes, the FE simulations conducted in this section employ 201 stainless steel as the base material, which exhibits a more typical elastic-plastic transition. The material properties are referenced from the work of Yang et al. [36].
A detailed examination of the deformation mechanism, as illustrated in Figure 15, reveals that the structural deformation can be divided into two distinct stages. In the first stage (stage-I), the curvature of the longitudinal sinusoidal ligaments is gradually straightened, and local bending deformations dominate the overall structural response. Since the ligaments overlap only at a single central point, the deformation of one set of ligaments transmits negligible force to the orthogonal set. Consequently, the two principal directions remain effectively kinematically decoupled, and the transverse ligaments exhibit almost no lateral expansion or contraction until the curved ligaments are nearly straightened. This decoupling mechanism allows the structure to maintain a ZPR response throughout stage I. Once the longitudinal sinusoidal ligaments are fully straightened, the deformation enters the second stage (stage-II), dominated by axial stretching. At this point, the axial forces in the longitudinal ligaments are transmitted to the transverse ligaments through the junction regions. It should be noted that even in Stage II, the simulated Poisson's ratio remains close to zero. However, it is important to point out that the simulations don't account for damage in the base material, which in reality would fail rapidly at this stage. Therefore, we consider the ZPR prior to the deformation mode transition to be the effective one.
Based on the deformation mechanism revealed in Figure 15, it is evident that the strain range over which the structure maintains a ZPR corresponds to the strain at which the deformation mode transitions. As illustrated in Figure 15, the vertical projection of ligament AB before deformation and at the deformation mode transition can be respectively expressed as
[image: equation](17)
[image: equation](18)
where YS is defined in Appendix B. Therefore, the ZPR strain range can be obtained as
[image: equation](19)
The derived expression for the ZPR strain range of the MSTMH is validated through unit-cell-size FE simulations, and the influence of the three key geometric parameters (A1, t, L) on the ZPR strain range is simultaneously investigated. As shown in Figure 16, the theoretical predictions agree well with the simulation results, confirming the accuracy of the theoretical formation. Furthermore, the influence of the three key geometric parameters on the ZPR strain range is further analyzed. As shown in this figure, an increase in the amplitude A1 leads to a larger ZPR strain range, since a larger A1 corresponds to greater initial curvature of the ligaments, resulting in more pronounced deformation during straightening. In contrast, increasing the ligament length L reduces the ZPR strain range, as it corresponds to a smaller curvature and thus less deformation at the onset of the mode transition. The ZPR strain range is found to be largely independent of the ligament thickness t, which is consistent with both the theoretical predictions and FE simulations.
It is noteworthy that under certain geometric configurations, the proposed structure can maintain a ZPR over a strain range exceeding 25%. This demonstrates the capability of the proposed structure to accommodate large deformations while preserving near-zero Poisson's ratio behavior, making the design promising for applications requiring large-strain, multi-functional mechanical metamaterials.
	[image: thumbnail]	Fig. 15 Two-stage deformation of the MSTMH and its effect on zero Poisson's ratio.



	[image: thumbnail]	Fig. 16 Theoretical (lines) and FE (symbols) of the ZPR strain range of the MSTMH over a range of (a) A1 (A2=3, t=1.5, L=30), (b) t (A1=8, A2=3, L=30) and (c) L (A1=8, A2=3, t=1.5).



6 Conclusions
In this study, a mirror-stacked tetra-missing rib honeycomb structure with sinusoidal ligaments was proposed and systematically analyzed. Theoretical derivations, FE simulations, and experiments consistently demonstrated that the structure exhibits near-zero Poisson's ratio behavior in large strain range and allows tunable elastic properties. The major findings from this study can be summarized as follows:

	The proposed structure exhibits excellent ZPR behavior over a large deformation range. In some cases, the strain range maintaining ZPR exceeds 25%.


	The proposed theoretical formulae accurately capture the evolution of the elastic constants with geometric variations and the ZPR strain range, thereby providing valuable guidelines for the design of novel ZPR metamaterials to achieve targeted mechanical properties.



These results provide clear design guidelines for developing multifunctional mechanical metamaterials with programmable deformation characteristics.
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Appendix A  Computational homogenization based on PBCs
To simplify the FE calculation and eliminate the boundary effects, the homogenization method based on PBCs is adopted to derive the effective properties of lattice structures. According to the work by Dirrenberger et al. [37] and Lejeunes and Bourgeois [38], the PBCs for a unit-cell in the small-deformation framework can be written as
[image: equation](A1)
[image: equation](A2)
where x is the material point location vector, Λ is the macroscopic strain tensor, V is the volume of a unit-cell, v is the periodic fluctuation, which takes the same value at the two points on the opposite faces of ∂V, σ is the stress tensor of an arbitrary material point, t and N are the corresponding traction vector and outward unit normal vector, respectively.
The macroscopic stress and strain tensors Σ and Λ are defined by the spatial averages of the microscopic stress and strain tensors, i.e.,
[image: equation](A3)
[image: equation](A4)
with σ and ε being the microscopic stress and strains tensors of an arbitrary material point.
The effective (in-plane) Poisson's ratio is hence determined by
[image: equation](A5)
Note that an ABAQUS toolbox “HOMTOOLS” (implemented by Lejeunes and Bourgeois [38]), that greatly simplifies the determination of homogenized characteristics of structural materials, is adopted in this work to facilitate the application of PBCs. By using “HOMTOOLS”, the macroscopic stress and strain tensors Σ and Λ are introduced as reaction forces and degrees of freedom of pre-defined reference points. In addition, the constraints between the additional degrees of freedom and the displacements on the boundary of the unit-cell are automatically generated.

Appendix B  Derivation of θ1
The geometric definition of the ligaments near the junction is illustrated in Figure B1. In this figure, the dashed line represents the neutral axis. To determine θ1, the value of YS must first be obtained, which in turn requires determining the value of Y′S.
	[image: thumbnail]	Fig. B1  Geometric definition of ligaments near the junction.



The equations of the neutral axes for the transverse and longitudinal ligaments are respectively given as
[image: equation](B1)
[image: equation](B2)
Their corresponding derivatives are respectively given as
[image: equation](B3)
[image: equation](B4)
Therefore, the upper boundary equation of the transverse ligament and the right boundary equation of the longitudinal ligament are respectively obtained, i.e.,
[image: equation](B5)
[image: equation](B6)
By setting [image: equation], the value of X′S is determined through computational solution using the commercial software Maple. Substituting this result into the preceding expressions allows for the calculation of Y′S. Subsequently, based on geometric relationships, an explicit expression for YS can be derived.
Ultimately, θ1 is obtained according to the following relation
[image: equation](B7)
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